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(57) ABSTRACT

Disclosed methods support dynamic adjustment of graphics
processing unit (GPU) frequency. According to one embodi-
ment, a program comprises workload to execute, at least in
part, on a GPU of a data processing system. A predetermined
memory/compute ratio for the program is automatically
retrieved, in response to the program being called for
execution. The memory/compute ratio represents a ratio of
memory accesses within the program, relative to compute
operations within the program. In addition, a frequency of
the GPU is automatically adjusted, based on the predeter-
mined memory/compute ratio for the program. For instance,
the GPU may be set to a relatively low frequency if the
predetermined memory/compute ratio is relatively high, or
to a relatively high frequency if the predetermined ratio is
relatively low. After the frequency of the GPU is automati-
cally adjusted, the program may execute, at least in part, on
the GPU. Other embodiments are described and claimed.
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METHODS AND APPARATUS TO SUPPORT
DYNAMIC ADJUSTMENT OF GRAPHICS
PROCESSING UNIT FREQUENCY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a national stage patent application
under 35 U.S.C. § 371, based on international patent appli-
cation number PCT/CN2014/074166, filed on Mar. 27,
2014, titled “Methods And Apparatus To Support Dynamic
Adjustment Of Graphics Processing Unit Frequency.”

TECHNICAL FIELD

Embodiments described herein relate generally to data
processing and in particular to methods and apparatus to
support dynamic adjustment of graphics processing unit
frequency.

BACKGROUND

A conventional data processing system may include at
least one central processing unit (CPU) and at least one
graphics processing unit (GPU). The CPU and the GPU may
reside on the same chip, or they may reside on separate chips
that are connected by one or more buses. A single chip that
contains at least one CPU and at least one GPU may be
referred to as an accelerated processing unit, an advanced
processing unit, or an APU. The GPU in a data processing
system may operate at a different frequency than the CPU.

As indicated at the Wikipedia entry for “dynamic fre-
quency scaling,” the voltage required for stable operation of
a circuit is determined by the frequency at which the circuit
is clocked, and it may be possible to reduce the required
voltage if the frequency is also reduced.

The present disclosure describes methods and apparatus
for dynamically adjusting GPU frequency and voltage. Data
processing systems may use the disclosed technology to
achieve more energy efficient operation than conventional
data processing systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram that depicts an example process
for compiling and executing a program.

FIG. 2 is a block diagram of an example data processing
system with features for dynamically adjusting GPU fre-
quency.

FIG. 3 is a flowchart of an example process for generating
a memory/compute ratio for a program in connection with
compiling the program.

FIG. 4 is a flowchart of an example process for dynami-
cally adjusting GPU frequency.

DESCRIPTION OF EMBODIMENTS

A program that executes in a data processing system may
be considered a kernel or a workload. A workload on a GPU
may be compute bound or memory bound. A compute-
bound workload may focus mainly on performing math-
ematical algorithms, and its performance may rely on GPU
performance. Consequently, for a compute-bound workload,
increasing GPU frequency may result in significantly
increased performance (e.g., significantly faster execution).
A memory-bound workload may focus mainly on memory
accessing, and its performance may be highly limited by
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memory access bandwidth. Consequently, for a memory-
bound workload, once memory access bandwidth has been
met, increasing the GPU frequency would result in little, if
any, performance improvement. Accordingly, for a memory-
bound workload, increasing the GPU frequency may yield
diminishing returns. Thus, for a memory-bound workload,
increasing the GPU frequency may cause a significant
increase in energy consumption without yielding any sig-
nificant performance improvement.

For example, for a GPU with frequency adjustable from
400 megahertz (MHz) to 1150 MHz, a compute-bound
workload may obtain a substantially linear increase in
performance as frequency of the GPU is increased from the
minimum frequency to the maximum frequency. By con-
trast, a memory-bound workload may obtain increases in
performance as frequency is adjust from 400 MHz to 700
MHz, but little or no further increase in performance as
frequency is adjusted above 700 MHz. Consequently, to
maximize efficiency, it would be desirable to set the GPU
frequency at or below 700 MHz for the memory-bound
workload.

The present disclosure describes methods and apparatus
for dynamically adjusting GPU frequency. In one embodi-
ment, a data processing system dynamically adjusts GPU
frequency and voltage based on a predetermined memory/
compute ratio.

For purposes of this disclosure, a memory/compute ratio
is a value that identifies the number, prevalence, or signifi-
cance of memory access operations in a program, relative to
the compute operations in the program. Thus, if a first
program spends more time performing memory access
operations than a second program, the first program will
have a higher memory/compute ratio. Similarly, if two
programs have the same number of compute operations, but
one of those programs has more memory access operations
than the other program, the program with more memory
access operations would typically have a higher memory/
compute ratio.

In one embodiment, a runtime manager retrieves a pre-
determined memory/compute ratio for a program that is to
execute at least partially on a GPU. The runtime manager
then dynamically adjusts the frequency of the GPU, based
on the predetermined memory/compute ratio. In particular,
if a program has a relatively high memory/compute ratio, the
runtime manager may set the GPU to a relatively low
frequency; and if a program has a relatively low memory/
compute ratio, the runtime manager may set the GPU to a
relatively high frequency. The runtime manager then
launches the program to execute at least in part in the GPU.

Consequently, for a program that will be spending sig-
nificant amounts of time waiting for memory access, the
runtime manager may set the GPU to a relatively low
frequency and a relatively low voltage, thereby reducing
power consumption without significantly reducing perfor-
mance. And for a program that will be spending little to no
time waiting for memory access, the runtime manager may
set the GPU to a relatively high frequency and a relatively
high voltage, thereby increasing power consumption when
that increase will result in significantly better performance.

Alternative embodiments may use an inverse approach,
with the factor for memory access operations appearing in
the denominator, rather than the numerator (e.g., a compute/
memory ratio, instead of a memory/compute ratio). For
purposes of this disclosure, unless the context clearly
requires otherwise, the term “memory/compute ratio”
should be understood as covering any value that identifies
the proportion of memory access operations in a program,
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relative to the compute operations in the program. Similarly,
when this disclosure refers to a “high” memory/compute
ratio, the disclosure is referring to a value or measurement
which indicates that the program has a high proportion of
memory access operations, relative to compute operations,
even though the “memory/compute ratio” measurement may
have a relatively small numerical value (e.g., when the factor
for memory access operations appears in the denominator).

For purposes of this disclosure, a “relatively low” GPU
frequency is a frequency that is lower than the maximum
frequency of the GPU and that consumes significantly less
energy than the maximum frequency, while a “relatively
high” GPU frequency is a frequency that is higher than the
minimum frequency of the GPU and that consumes signifi-
cantly more energy than the minimum frequency.

Similarly, a “relatively high” memory/compute ratio
means that the program spends more time performing
memory access operations than compute operations, while a
“relatively low” memory/compute ratio means that the pro-
gram spends less time performing memory access operations
than compute operations

As described in greater detail below, according to one
embodiment, a compiler automatically determines the
memory/compute ratio for a target program when the com-
piler compiles the source code for the target program into
object code. According to another embodiment, the memory/
compute ratio is determined based on information collected
by a software profiler during a test execution of the target
program. According to another embodiment, the memory/
compute ratio is determined based on information collected
by hardware performance counters during a test execution of
the target program.

FIG. 1 is a block diagram of an example process for
compiling a program and executing that program at least
partially on a GPU. For purposes of this disclosure, the
program that is compiled and executed is referred to as the
target program. The target program may exist in a variety of
different versions. For example, it may start as source code,
and it may then be compiled into object code. The object
code may then be converted into executable code. Accord-
ingly, one version of the target program may be referred to
as program source code 20, another version may be referred
to as program object code 24, and another version may be
referred to as program executable code. Program object code
24 may also be referred to as a virtual binary program.

In the embodiment of FIG. 1, a processing device 50 uses
a compiler 20 to convert the program source code 20 for the
target program into program object code 24. In addition, as
described in greater detail below with regard to FIG. 3, when
compiler 22 processes program source code 20, compiler 22
computes or determines a memory/compute ratio 26 for the
target program. Compiler 22 records that memory/compute
ratio 26 within program object code 24.

In the embodiment of FIG. 1, one processing device 50
compiles program source code 20 into program object code
24, and then another processing device 40 obtains and
executes program object code 24. In other embodiments,
however, the same processing device may be used for
compiling the target program and for executing the target
program.

In the embodiment of FIG. 1, compiler 22 may be part of
a GPU programming framework or a media development
framework (MDF) that runs on processing device 50. A
software developer may use the MDF to create an applica-
tion 28 that includes the target program. For instance,
application 28 may be a media player application, and the
target program may be a video subroutine for application 28.
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The program object code for the application (including
program object code 24 for the target program) may then be
delivered to processing device 40, and an end user at
processing device 40 may then use the target program for its
intended purpose.

FIG. 2 is a block diagram of an example data processing
system with features for dynamically adjusting GPU fre-
quency. In FIG. 2, the processing device that compiles
program source code 20 is referred to as remote processing
device 50, while the processing device that executes pro-
gram object code 24 is referred to as local processing device
40—or simply as processing device 40. Processing device
40 may obtain program object code 24 via any suitable
storage medium or media, via any suitable communications
medium or media, or any suitable combinations of storage
and communications media. For instance, processing device
40 may obtain program object code 24 via an optical disc,
a flash drive, etc. Alternatively, processing device 40 may
retrieve program object code 24 from remote processing
device 50 via a wide area network (WAN) 12, such as the
Internet, or via a local area network (LAN). Local process-
ing device 40 and remote processing device 50 may be
referred to collectively as a distributed data processing
system 10.

In one embodiment, processing device 40 uses program
object code 24 as part of an application 28. For instance, as
indicated above, application 28 may be a media player
application, and program object code 24 may implement a
video subroutine for application 28. For example, program
object code 24 may implement a Motion Pictures Encoding
Group (MPEG) video decoder. Alternatively, application 28
may be a computer-aided design (CAD) application, and
program object code 24 may implement a library of math-
ematical functions for the CAD application, possibly includ-
ing functions for processing vectors, matrices, etc. Other
types of applications, subroutines, and such may be used in
other embodiments.

Referring again to FIG. 1, application 28 and program
object code 24 may be implemented in an intermediate
representation or version (e.g., as bytecode), and local
processing device 40 may use a runtime manager 30 to
execute application 28 (including program object code 24).
Components such as application 28 may also be referred to
as host code.

When executing host code such as application 28, runtime
manager 30 may use a just-in-time (JIT) translator 32 to
convert the bytecode into executable code. The executable
code may also be referred to as assembly code or binary
code. JIT translator 32 may include a JIT compiler, an
interpreter, and/or any other suitable logic for executing
application 28. Runtime manager 30 may be implemented as
a dynamic link library, as a shared library, or as any other
suitable construct. In addition, runtime manager 30 may
expose one or more application programming interfaces
(APIs) for applications to call. Runtime manager 30, JIT
translator 32, and related components may be referred to
collectively as a managed runtime environment (MRTE) 38.

In one embodiment, when an end user at processing
device 40 launches application 28, runtime manager 30 uses
JIT translator 32 to generate executable code for application
28, and runtime manager 30 may dispatch that executable
code for execution on CPU 62. Likewise, when application
28 calls or loads the target program, runtime manager 30
may use JIT translator 32 to generate executable code for the
target program. However, runtime manager 30 may dispatch
the executable code for the target program for execution on
GPU 36, rather than CPU 62. In other words, some or all of
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the executable code produced by runtime manager 30 for the
target program may include operations to be performed on
one or more GPUs 36 within processing device 40. In one
embodiment, runtime manager 30 calls a GPU driver 34 of
an operating system 60 to cause such operations to be
processed by GPU 36.

However, as described in greater detail below with regard
to FIG. 4, before executing the target program on GPU 36,
runtime manager 30 may dynamically adjust the frequency
and voltage of GPU 36. For example, when application 28
calls or invokes program object code 24, runtime manager
30 may automatically consider the memory/compute ratio
26 associated with program object code 24, and runtime
manager 30 may then dynamically adjust the frequency and
voltage of GPU 36, based on memory/compute ratio 26.

In one embodiment, runtime manager 30 is equipped with
a frequency mapping table (FMT) 70 which links different
memory/compute ratios with corresponding GPU frequen-
cies. For instance, FMT 70 may link memory/compute ratios
with respective GPU frequencies according to an inverse
relationship, in that progressively higher memory/compute
ratios are linked to progressively lower GPU frequencies,
while lower memory/compute ratios are linked to higher
GPU frequencies. For instance, in one embodiment, FMT 70
may contain data such as that illustrated in the following
Table T1:

Memory/Compute Ratio GPU Freq. (MHz)

<=R1 1150
>R1 and <=R2 1000
>R2 and <=R3 900
>R3 and <=R4 800
>R4 700

In Table T1, the entries in the column for “Memory/Com-
pute Ratio” represent progressively higher ranges of
memory/compute ratios.

FMT 70 may be based on experiments that have been run
with actual and/or contrived workloads at a variety of
different GPU frequencies on a variety of different hardware
platforms. The data from those experiments may be used to
plot the relationship between the memory/compute ratio, the
frequency, and the performance efficiency. The results of
such analyses may be used to build tables to specity opti-
mally efficient GPU frequencies for numerous different
memory/compute ratios for many different platforms. The
entries for an FMT may also be based on memory frequency,
memory bandwidth, and other factors.

In an alternative embodiment, instead of using an FMT, a
runtime manager may use a different technique to determine
a suitable GPU frequency for a particular program. For
example, a runtime manager may be programmed to recog-
nize one or more different predetermined types of work-
loads. The runtime manager may also be programmed to use
a particular frequency for each different type of workload.
When a target program is called, the runtime manager may
determine the type of workload to be performed by the target
program, and the runtime manager may set the GPU fre-
quency accordingly.

Processing device 40 may include a variety of hardware
and software resources. For instance, in the embodiment of
FIG. 2, processing device 40 includes at least one APU 42,
and APU 42 includes at least one CPU 62 and at least one
GPU 36. APU 42 may also include various hardware per-
formance counters 78. Processing device 40 also includes
random access memory (RAM) 44, a hard disk drive (HDD)
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46, and a network port 48 in communication with CPU 62
and/or GPU 36. In addition or alternatively, processing
device 40 may include other types of storage devices (e.g.,
flash memory), other input/output (I/0) ports, multiple pro-
cessors, and/or other components. The composition of
remote processing device 50 may be the same as or similar
to that of processing device 40.

As indicated above, GPU driver 34 may be part of
operating system 60. Operating system 60, application 28,
MRTE 38, and a software profiler 76 may be stored in HDD
46 and copied to RAM 44 for execution.

FIG. 3 is a flowchart of an example process for generating
a memory/compute ratio for a program in connection with
compiling the program. As shown at block 110, the process
starts with compiler 22 statically analyzing program source
code 20 to determine how many compute operations and
how many memory operations are used by the target pro-
gram. For instance, compiler 22 may use a control flow
analysis to estimate the number of compute operations and
the number of memory operations. For example, in the
control flow analysis, more weights or counts may be
assigned for operations inside nested loops.

As shown at block 112, compiler 22 then determines the
memory/compute ratio 26 for the target program, based on
the results of the analysis of program source code 20. For
instance, compiler 22 may generate a memory/compute ratio
of 10:1 for a program that is very memory bound, 2:1 for a
program that is slightly memory bound, 1:2 for a program
that is slightly compute bound, and 1:10 for a program that
is very compute bound. Referring again to Table T1, in one
embodiment, R1=1:10, R2=1:2, R3=2:1, and R4=10:1.

As shown at block 114, compiler 22 also generates
program object code 24 for the target program, based on
program source code 20. As indicated above, in one embodi-
ment, program object code 24 uses a bytecode representa-
tion of the target program. As shown at block 116, compiler
22 stores the generated memory/compute ratio 26 with
program object code 24. For instance, the file format speci-
fication for program object code 24 may provide for fields to
save the workload information, like name, size, memory/
compute ratio, and other necessary information; and com-
piler 22 may load memory/compute ratio 26 into the
memory/compute ratio field.

The process of FIG. 3 may then end.

In other embodiments, a device like processing device 50
or processing device 40 may use feedback from software
profiler 76 and/or from hardware performance counters 78 to
count or track memory and compute operations, and to
generate corresponding memory/compute ratios. For
instance, the developer of the target program may execute
program source code 20 one or more times within an MRTE
in processing device 50, with a software execution profiler
monitoring execution and counting memory operations and
total operations. Alternatively, the developer may use hard-
ware performance counters to monitor execution and count
or track memory operations and total operations during a test
execution of program source code 20. The developer may
then compute the memory/compute ratio 26, based on the
data from the test execution or executions of the target
program. When memory and compute operations are being
tracked, the tracker may consider the number of compute
operations and the number of memory operations. In addi-
tion or alternatively, the tracker may consider the amount of
time spent executing compute operations and the amount of
time spent executing memory operations. The generated
memory/compute ratio may then be passed to the runtime
manager.
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FIG. 4 is a flowchart of an example process for dynami-
cally adjusting GPU frequency. In one embodiment, pro-
cessing device 40 uses the illustrated process to optimize
execution efficiency for the target program. The process may
begin with runtime manager 30 executing application 28, as
shown at block 210. As shown at block 220, runtime
manager 30 may then determine whether application 28 is
calling the target program (or any other program with a
predetermined memory/compute ratio for guiding dynamic
adjustment of GPU frequency). If application 28 is calling
program object code 24 for the target program, runtime
manager 30 retrieves memory/compute ratio 26 from pro-
gram object code 24, as shown at block 222. As shown at
block 224, runtime manager 30 then uses FMT 70 to
automatically determine an optimum GPU frequency for the
target program, based on memory/compute ratio 26.

As shown at block 226, runtime manager 30 then dynami-
cally and automatically adjusts the frequency of GPU 36
according to the optimum frequency identified by FMT 70.
In one embodiment, runtime manager 30 adjusts the fre-
quency of GPU 36 by issuing one or more GPU commands
to GPU 36, possibly via GPU driver 34. In addition or
alternatively, runtime manager 30 may write directly to a
frequency control register of GPU 36. In either case, GPU 36
may then respond by immediately adjusting its frequency
and voltage.

The logic within runtime manager for adjusting the fre-
quency of GPU 36, based on memory/compute ratio 26 and
FMT 70 may be referred to as a GPU frequency regulator
(GFR) 72. Runtime manager 30 may use GFR 72 to manage
or control the frequency of GPU 36, based on the predeter-
mined memory/compute ratio 26 in program object code 24
and the predetermined frequency mapping table 70.

As shown at block 228, after runtime manager 30 has
adjusted the frequency of GPU 36, runtime manager 30
launches program object code 24 for the target program. The
target program may then run at least partially on GPU 36.

However, referring again to block 220, if application 28
is not calling a program with a predetermined memory/
compute ratio, runtime manager 30 may continue executing
application 28 without adjusting the frequency of GPU 36,
as indicated by the arrow returning to block 210.

In addition or alternatively, application 28 may include its
own GFR 74, and instead of using GFR 72 in runtime
manager 30, application 28 may use GFR 74 to automati-
cally adjust GPU frequency for the target program, based on
the memory/compute ratio for that program. For instance,
application 28 may automatically retrieve the memory/
compute ratio for the target program in response to a call to
the target program, and application 28 may then use GFR 74
to automatically adjust the frequency of the GPU, based on
that memory/compute ratio. In one embodiment, runtime
manager 30 provides an API for adjusting the frequency of
GPU 36, and GFR 74 uses that API to adjust the GPU
frequency.

In addition or alternatively, runtime manager 30 may use
(a) a software-based program execution profiler such as
software profiler 76 and/or (b) hardware-based performance
counters 78 to dynamically determine the memory/compute
ratio for the target program, and runtime manager 30 may
automatically adjust GPU frequency for the target program,
based on the dynamically determined memory/compute
ratio. For example, after the target program has been execut-
ing, the runtime manager may query software profiler 76
and/or hardware performance counters 78 during runtime. In
response, software profiler 76 and/or hardware performance
counters 78 may return feedback indicative of the actual
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memory/compute ratio for the target program. Based on that
feedback, and based on an FMT or other suitable mapping
data, runtime manager 30 may automatically adjust the
frequency of the GPU upon which the target program is
executing. Such dynamic determinations and adjustments
may be more accurate than predetermined (or estimated)
memory/compute ratios. Accordingly, even though the target
program may have a predetermined memory/compute ratio,
the runtime manager may give precedence to a dynamically
determined memory/compute ratio for the target program.

As has been described, a runtime manager in a processing
device may automatically use a predetermine memory/
compute ratio for a target program to determine an efficient
or optimum GPU frequency for executing the target pro-
gram. The runtime manager may then automatically adjust
the frequency and voltage of the GPU accordingly, before
executing the target program on the GPU. The processing
device may therefore operate more efficiently than conven-
tional processing device.

In addition or alternatively, a runtime manager may
dynamically determine a memory/compute ratio for a target
program, and the time manager may use that memory/
compute ratio to determine an efficient or optimum GPU
frequency for executing the target program.

Other embodiments have also been described.

By dynamically adjusting GPU frequency and voltage
according to the present teachings, a data processing system
may achieve more energy efficient operation than a conven-
tional data processing system.

In light of the principles and example embodiments
described and illustrated herein, it will be recognized that the
illustrated embodiments can be modified in arrangement and
detail without departing from those principles. Also, the
foregoing discussion has focused on particular embodi-
ments, but other configurations are contemplated. For
example, aspects the disclosed embodiments are generally
combinable to form additional embodiments. Accordingly,
expressions such as “an embodiment,” “the embodiment of
Figure X,” “one embodiment,” “another embodiment,” and
the like should generally be understood as describing
embodiment possibilities, rather than limiting the invention
to a particular embodiment configuration. Accordingly, dif-
ferent instances of phrases which refer, for example, to one
embodiment should generally be understood as referring to
the same embodiment and to different embodiments, and the
phrase “in one embodiment” should generally be understood
as meaning “in at least one embodiment.”

Any suitable operating environment and programming
language (or combination of operating environments and
programming languages) may be used to implement com-
ponents described herein. As indicated above, the present
teachings may be used to advantage in many different kinds
of data processing systems. Example data processing sys-
tems include, without limitation, distributed computing sys-
tems, supercomputers, high-performance computing sys-
tems, computing clusters, mainframe computers, mini-
computers, client-server systems, personal computers (PCs),
workstations, servers, portable computers, laptop comput-
ers, tablet computers, personal digital assistants (PDAs),
telephones, handheld devices, entertainment devices such as
audio devices, video devices, audio/video devices (e.g.,
televisions and set top boxes), vehicular processing systems,
and other devices for processing or transmitting information.
Accordingly, unless explicitly specified otherwise or
required by the context, references to any particular type of
data processing system (e.g., a mobile device) should be
understood as encompassing other types of data processing
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systems, as well. Also, unless expressly specified otherwise,
components that are described as being coupled to each
other, in communication with each other, responsive to each
other, or the like need not be in continuous communication
with each other and need not be directly coupled to each
other. Likewise, when one component is described as receiv-
ing data from or sending data to another component, that
data may be sent or received through one or more interme-
diate components, unless expressly specified otherwise. In
addition, some components of the data processing system
may be implemented as adapter cards with interfaces (e.g.,
a connector) for communicating with a bus. Alternatively,
devices or components may be implemented as embedded
controllers, using components such as programmable or
non-programmable logic devices or arrays, application-spe-
cific integrated circuits (ASICs), embedded computers,
smart cards, and the like. For purposes of this disclosure, the
term “bus” includes pathways that may be shared by more
than two devices, as well as point-to-point pathways.

This disclosure may refer to instructions, functions, pro-
cedures, data structures, application programs, microcode,
configuration settings, and other kinds of data. As described
above, when the data is accessed by a machine or device, the
machine or device may respond by performing tasks, defin-
ing abstract data types or low-level hardware contexts,
and/or performing other operations. For instance, data stor-
age, RAM, and/or flash memory may include various sets of
instructions which, when executed, perform various opera-
tions. Such sets of instructions may be referred to in general
as software. In addition, the term “program” may be used in
general to cover a broad range of software constructs,
including applications, routines, modules, drivers, subpro-
grams, processes, and other types of software components.
Also, applications and/or other data that are described above
as residing on a particular device in one example embodi-
ment may, in other embodiments, reside on one or more
other devices. And computing operations that are described
above as being performed on one particular device in one
example embodiment may, in other embodiments, be
executed by one or more other devices.

It should also be understood that the hardware and soft-
ware components depicted herein represent functional ele-
ments that are reasonably self-contained so that each can be
designed, constructed, or updated substantially indepen-
dently of the others. In alternative embodiments, many of
the components may be implemented as hardware, software,
or combinations of hardware and software for providing the
functionality described and illustrated herein. For example,
alternative embodiments include machine accessible media
encoding instructions or control logic for performing the
operations of the invention. Such embodiments may also be
referred to as program products. Such machine accessible
media may include, without limitation, tangible storage
media such as magnetic disks, optical disks, RAM, read only
memory (ROM), etc., as well as processors, controllers, and
other components that include RAM, ROM, and/or other
storage facilities. For purposes of this disclosure, the term
“ROM” may be used in general to refer to non-volatile
memory devices such as erasable programmable ROM
(EPROM), electrically erasable programmable ROM (EE-
PROM), flash ROM, flash memory, etc. In some embodi-
ments, some or all of the control logic for implementing the
described operations may be implemented in hardware logic
(e.g., as part of an integrated circuit chip, a programmable
gate array (PGA), an ASIC, etc.). In one embodiment, the
instructions for all components may be stored in one non-
transitory machine accessible medium. In another embodi-
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ment, two or more non-transitory machine accessible media
may be used for storing the instructions for the components.
For instance, instructions for one component may be stored
in one medium, and instructions another component may be
stored in another medium. Alternatively, a portion of the
instructions for one component may be stored in one
medium, and the rest of the instructions for that component
(as well instructions for other components), may be stored in
one or more other media. Instructions may also be used in
a distributed environment, and may be stored locally and/or
remotely for access by single or multi-processor machines.

Also, although one or more example processes have been
described with regard to particular operations performed in
a particular sequence, numerous modifications could be
applied to those processes to derive numerous alternative
embodiments of the present invention. For example, alter-
native embodiments may include processes that use fewer
than all of the disclosed operations, process that use addi-
tional operations, and processes in which the individual
operations disclosed herein are combined, subdivided, rear-
ranged, or otherwise altered.

In view of the wide variety of useful permutations that
may be readily derived from the example embodiments
described herein, this detailed description is intended to be
illustrative only, and should not be taken as limiting the
scope of coverage.

The following examples pertain to further embodiments.

Example Al is a data processing system with support for
dynamic adjustment of GPU frequency. The data processing
system comprises a CPU, a GPU responsive to the CPU, a
machine accessible medium responsive to the CPU, and data
in the machine accessible medium which, when accessed by
the CPU, enables the data processing system to perform
certain operations. Those operations comprise: (a) in
response to a program being called for execution, automati-
cally retrieving a predetermined memory/compute ratio for
the program, wherein the program comprises workload to
execute at least in part on the GPU, and wherein the
predetermined memory/compute ratio represents a ratio of
memory accesses within the program, relative to compute
operations within the program; and (b) automatically adjust-
ing a frequency of the GPU, based on the predetermined
memory/compute ratio for the program.

Example A2 includes the features of Example A1, and the
operations further comprise, after automatically adjusting
the frequency of the GPU, launching the program to execute
at least partially on the GPU.

Example A3 includes the features of Example A1, and the
operation of automatically adjusting the frequency of the
GPU, based on the predetermined memory/compute ratio for
the program, comprises: (a) setting the GPU to a relatively
low frequency if the predetermined memory/compute ratio
for the program is relatively high; and (b) setting the GPU
to a relatively high frequency if the predetermined memory/
compute ratio for the program is relatively low. Example A3
may also include the features of Example A2.

Example B1 is a method for dynamically adjusting the
frequency of a GPU. The method comprises: (a) in response
to a program being called for execution in a data processing
system with a GPU, automatically retrieving a predeter-
mined memory/compute ratio for the program, wherein the
program comprises workload to execute at least in part on
the GPU, and wherein the predetermined memory/compute
ratio represents a ratio of memory accesses within the
program, relative to compute operations within the program;
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and (b) automatically adjusting a frequency of the GPU,
based on the predetermined memory/compute ratio for the
program.

Example B2 includes the features of Example Bl. In
addition, the method comprises, after automatically adjust-
ing the frequency of the GPU, launching the program to
execute at least partially on the GPU.

Example B3 includes the features of Example Bl. In
addition, the operation of automatically adjusting the fre-
quency of the GPU, based on the predetermined memory/
compute ratio for the program, comprises: (a) setting the
GPU to a relatively low frequency if the predetermined
memory/compute ratio for the program is relatively high;
and (b) setting the GPU to a relatively high frequency if the
predetermined memory/compute ratio for the program is
relatively low. Example B3 may also include the features of
Example B2.

Example B4 includes the features of Example B3. In
addition, the operation of setting the GPU to a relatively low
frequency if the predetermined memory/compute ratio for
the program is relatively high comprises automatically
reducing a voltage level of the GPU if the predetermined
memory/compute ratio for the program is relatively high.
Example B4 may also include the features of Example B2.

Example B5 includes the features of Example Bl. In
addition, the method comprises using a predetermined map-
ping that maps different memory/compute ratios to respec-
tive GPU frequencies to identify a GPU frequency that
corresponds with the memory/compute ratio of the program.
Also, the operation of automatically adjusting the frequency
of the GPU, based on the predetermined memory/compute
ratio for the program comprises adjusting the frequency of
the GPU, based on the identified GPU frequency. Example
B5 may also include the features of any one or more of
Example B2 through B4.

Example B6 includes the features of Example Bl. In
addition, execution of the program is managed by a runtime
manager, and the operation of automatically retrieving the
memory/compute ratio for the program is performed by the
runtime manager. Example BS may also include the features
of any one or more of Example B2 through BS5.

Example B7 includes the features of Example Bl. In
addition, execution of the program is managed by a runtime
manager, and the operation of automatically adjusting the
frequency of the GPU is performed by the runtime manager.
Example B6 may also include the features of any one or
more of Example B2 through B6.

Example B8 includes the features of Example Bl. In
addition, the method comprises: (a) determining the
memory/compute ratio for the program; and (b) after deter-
mining the memory/compute ratio for the program, record-
ing the memory/compute ratio for the program with object
code for the program. Example B7 may also include the
features of any one or more of Example B2 through B7.

Example C1 is a method to support dynamic adjustment
of GPU frequency. The method comprises (a) determining a
memory/compute ratio for a program with workload suitable
for execution on a GPU; and (b) after determining the
memory/compute ratio for the program, recording the
memory/compute ratio for the program with object code for
the program.

Example C2 includes the features of Example C1. In
addition, the method comprises compiling source code for
the program into object code. Also, the operation of deter-
mining the memory/compute ratio for the program is per-
formed automatically while compiling the program.
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Example D1 is a method for dynamically adjusting the
frequency of a GPU. The method comprises: (a) executing
a program on a GPU of a data processing system; (b)
obtaining performance data for the program while the pro-
gram is executing; (c) while the program is executing,
determining a memory/compute ratio for the program, based
on the performance data, wherein the memory/compute ratio
represents a ratio of memory accesses within the program,
relative to compute operations within the program; and (d)
dynamically adjusting a frequency of the GPU, while the
program is executing, based on the memory/compute ratio.

Example D2 includes the features of Example D1. In
addition, the operation of obtaining performance data for the
program while the program is executing comprises at least
one operation from the group consisting of: (a) obtaining the
performance data from a software-based profiler; and (b)
obtaining the performance data from at least one hardware
performance counter.

Example E is at least one machine accessible medium
comprising computer instructions to support dynamic
adjustment of GPU frequency. The computer instructions, in
response to being executed on a data processing system,
enable the data processing system to perform a method
according to any one or more of Examples B1 through B7,
C1 through C2, and D1 through D2.

Example F is a data processing system with features to
support dynamic adjustment of GPU frequency. The data
processing system comprises a central processing unit
(CPU), a GPU responsive to the CPU, at least one machine
accessible medium responsive to the CPU, and computer
instructions stored at least partially in the at least one
machine accessible medium. Also, in response to being
executed, the computer instructions enable the data process-
ing system to perform a method according to any one or
more of Examples B1 through B7, C1 through C2, and D1
through D2.

Example G is a data processing system with features to
support dynamic adjustment of GPU frequency. The data
processing system comprises means for performing the
method of any one or more of Examples B1 through B7, C1
through C2, and D1 through D2.

Example H1 is an apparatus to support dynamic adjust-
ment of GPU frequency. The apparatus comprises (a) a
non-transitory machine accessible medium; and (b) data in
the machine accessible medium which, when accessed by a
data processing system with a GPU, enables the data pro-
cessing system to perform various operations. Those opera-
tions comprise: (a) in response to a program being called for
execution in the data processing system, automatically
retrieving a predetermined memory/compute ratio for the
program, wherein the program comprises workload to
execute at least in part on the GPU, and wherein the
predetermined memory/compute ratio represents a ratio of
memory accesses within the program, relative to compute
operations within the program; and (b) automatically adjust-
ing a frequency of the GPU, based on the predetermined
memory/compute ratio for the program.

Example H2 includes the features of Example H1. Also,
the operations further comprise, after automatically adjust-
ing the frequency of the GPU, launching the program to
execute at least partially on the GPU.

Example H3 includes the features of Example H1. Also,
the operation of automatically adjusting the frequency of the
GPU, based on the predetermined memory/compute ratio for
the program, comprises (a) setting the GPU to a relatively
low frequency if the predetermined memory/compute ratio
for the program is relatively high; and (b) setting the GPU
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to a relatively high frequency if the predetermined memory/
compute ratio for the program is relatively low. Example H3
may also include the features of Example H2.

Example H4 includes the features of Example H1. Also,
the operations further comprise using a predetermined map-
ping that maps different memory/compute ratios to respec-
tive GPU frequencies to identify a GPU frequency that
corresponds with the memory/compute ratio of the program.
Also, the operation of automatically adjusting the frequency
of the GPU, based on the predetermined memory/compute
ratio for the program comprises adjusting the frequency of
the GPU, based on the identified GPU frequency. Example
H4 may also include the features of any one or more of
Example H2 through H3.

Example HS includes the features of Example H1, Also,
the data in the machine accessible medium comprises a
runtime manager to manage execution of the program. Also,
the operation of automatically retrieving the memory/com-
pute ratio for the program is performed by the runtime
manager. Example H5 may also include the features of any
one or more of Example H2 through H4.

Example H6 includes the features of Example H1. Also,
the data in the machine accessible medium comprises a
runtime manager to manage execution of the program. Also,
the operation of automatically adjusting the frequency of the
GPU is performed by the runtime manager. Example H6
may also include the features of any one or more of Example
H2 through HS.

Example I1 is an apparatus to support dynamic adjust-
ment of GPU frequency. The apparatus comprising (a) a
non-transitory machine accessible medium; and (b) data in
the machine accessible medium which, when accessed by a
data processing system with a GPU, enables the data pro-
cessing system to perform various operations. Those opera-
tions comprises (a) executing a program on the GPU; (b)
obtaining performance data for the program while the pro-
gram is executing; (¢) while the program is executing,
determining a memory/compute ratio for the program, based
on the performance data, wherein the memory/compute ratio
represents a ratio of memory accesses within the program,
relative to compute operations within the program; and (d)
dynamically adjusting a frequency of the GPU, while the
program is executing, based on the memory/compute ratio.

Example 12 includes the features of Example I1. Also, the
operation of obtaining performance data for the program
while the program is executing comprises at least one
operation from the group consisting of: (a) obtaining the
performance data from a software-based profiler; and (b)
obtaining the performance data from at least one hardware
performance counter.

What is claimed is:

1. A data processing system with support for dynamic
adjustment of graphics processing unit frequency for execu-
tion of a program, the data processing system comprising:

a central processing unit (CPU);

a graphics processing unit (GPU) responsive to the CPU;

a machine accessible medium responsive to the CPU; and

data in the machine accessible medium which, when

accessed by the CPU, enables the data processing

system to perform operations comprising:

performing, without execution of the program, a con-
trol flow analysis to estimate the number of compute
operations and the number of memory operations to
be performed by the program during execution;

saving the ratio of the estimate of the number of
memory operations to the estimate of the number of
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compute operations as a predetermined memory/
compute ratio for future execution of the program;

in response to the program being called for execution,
automatically retrieving the predetermined memory/
compute ratio for the program, wherein the program
comprises a workload to execute at least in part on
the GPU, and wherein the predetermined memory/
compute ratio represents a ratio of memory accesses
within the program, relative to compute operations
within the program; and

automatically adjusting a frequency of the GPU, based
on the predetermined memory/compute ratio for the
program.

2. A data processing system according to claim 1, wherein
the operations further comprise:

after automatically adjusting the frequency of the GPU,

launching the program to execute at least partially on
the GPU.

3. A data processing system according to claim 1, wherein
the data in the machine accessible medium comprises a
runtime manager to manage execution of the program,
wherein the runtime manager is to:

determine a type of workload to be performed by the

program;

determine a target GPU frequency based on the type of the

workload to be performed; and

set the frequency of the GPU based on the target GPU

frequency.

4. A data processing system according to claim 1, wherein
the data in the machine accessible medium further enables
the data processing system to perform operations compris-
ing:

performing a test execution of the program;

monitoring hardware performance counters during the

test execution of the program;

determining a memory/compute ratio of the test execution

of the program; and

saving the memory/compute ratio of the text execution of

the program as the predetermined memory/compute
ratio for future execution of the program.

5. A data processing system according to claim 1, wherein
the data in the machine accessible medium comprises a
runtime manager to manage execution of the program,
wherein the runtime manager is to:

determine an amount of time spent by the program

executing compute operations and an amount of time
spent by the program executing memory operations;
and

adjust the frequency of the GPU based on the amount of

time spent by the program executing compute opera-
tions and the amount of time spent by the program
executing memory operations.

6. A data processing system according to claim 1, wherein
the data in the machine accessible medium further enables
the data processing system to perform operations compris-
ing:

executing each of a plurality of test programs on each of

a plurality of hardware platforms and for each of a
plurality of GPU frequencies, wherein each of the
plurality of test programs have a different memory/
compute ratio;

monitoring performance of each of the plurality of test

programs for each of the plurality of hardware plat-
forms and each of the plurality of GPU frequencies;
and

generating, based on the monitored performance, a table

comprising an indication of the performance for each of
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a plurality of memory/compute ratios for each of the
plurality of hardware platforms and each of the plural-
ity of GPU frequencies,

wherein automatically adjusting the frequency of the GPU

based on the predetermined memory/compute ratio for
the program comprises accessing the table based on the
hardware of the data processing system and the prede-
termined memory/compute ratio.

7. A data processing system according to claim 1, wherein
the data in the machine accessible medium further enables
the data processing system to perform operations compris-
ing:

monitoring the memory/compute ratio of the program

during execution of the program, wherein the moni-
tored memory/compute ratio is different from the pre-
determined memory compute ratio; and

adjusting the frequency of the GPU to be different from an

initial frequency of the GPU based on the predeter-
mined memory/compute ratio for the program.

8. A method for dynamically adjusting the frequency of a
graphics processing unit for execution of a program, the
method comprising:

performing, without execution of the program, a control

flow analysis to estimate the number of compute opera-
tions and the number of memory operations to be
performed by the program during execution;

saving the ratio of the estimate of the number of memory

operations to the estimate of the number of compute
operations as a predetermined memory/compute ratio
for future execution of the program

in response to the program being called for execution in

a data processing system with a graphics processing
unit (GPU), automatically retrieving the predetermined
memory/compute ratio for the program, wherein the
program comprises a workload to execute at least in
part on the GPU, and wherein the predetermined
memory/compute ratio represents a ratio of memory
accesses within the program, relative to compute opera-
tions within the program; and

automatically adjusting a frequency of the GPU, based on

the predetermined memory/compute ratio for the pro-
gram.

9. A method according to claim 8, further comprising:

using a predetermined mapping that maps different

memory/compute ratios to respective GPU frequencies
to identify a GPU frequency that corresponds with the
memory/compute ratio of the program; and

wherein the operation of automatically adjusting the fre-

quency of the GPU, based on the predetermined
memory/compute ratio for the program comprises
adjusting the frequency of the GPU, based on the
identified GPU frequency.

10. A method according to claim 8, wherein:

execution of the program is managed by a runtime man-

ager; and

the operation of automatically retrieving the memory/

compute ratio for the program is performed by the
runtime manager.

11. A method according to claim 8, wherein:

execution of the program is managed by a runtime man-

ager; and

the operation of automatically adjusting the frequency of

the GPU is performed by the runtime manager.

12. A method according to claim 8, further comprising:

determining the memory/compute ratio for the program;

and
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after determining the memory/compute ratio for the pro-
gram, recording the memory/compute ratio for the
program with object code for the program.

13. A method to support dynamic adjustment of graphics

5 processing unit frequency, the method comprising:

determining a memory/compute ratio for a program with
a workload suitable for execution on a graphics pro-
cessing unit (GPU), wherein determining the memory/
compute ratio for the program comprises performing,

10 without execution of the program, a control flow analy-
sis to estimate the number of compute operations and
the number of memory operations to be performed by
the program during execution; and

after determining the memory/compute ratio for the pro-

15 gram, recording the ratio of the estimate of the number
of memory operations to the estimate of the number of
compute operations as a memory/compute ratio for the
program with object code for the program.

14. A method according to claim 13, further comprising:

20 compiling source code for the program into object code;
and

wherein the operation of determining the memory/com-
pute ratio for the program is performed automatically
while compiling the program.

25 15. An apparatus to support dynamic adjustment of graph-
ics processing unit frequency for execution of a program, the
apparatus comprising:

a non-transitory machine accessible medium; and
data in the machine accessible medium which, when

30 accessed by a data processing system with a graphics
processing unit (GPU), enables the data processing
system to perform operations comprising:
performing, without execution of the program, a con-

trol flow analysis to estimate the number of compute

35 operations and the number of memory operations to

be performed by the program during execution;
saving the ratio of the estimate of the number of

memory operations to the estimate of the number of

compute operations as a predetermined memory/

40 compute ratio for future execution of the program;
in response to the program being called for execution in

the data processing system, automatically retrieving
the predetermined memory/compute ratio for the
program, wherein the program comprises a workload

45 to execute at least in part on the GPU, and wherein

the predetermined memory/compute ratio represents
a ratio of memory accesses within the program,
relative to compute operations within the program;
and

50 automatically adjusting a frequency of the GPU, based

on the predetermined memory/compute ratio for the
program.
16. An apparatus according to claim 15, wherein the
operations further comprise:

55 using a predetermined mapping that maps different
memory/compute ratios to respective GPU frequencies
to identify a GPU frequency that corresponds with the
memory/compute ratio of the program; and

wherein the operation of automatically adjusting the fre-

60 quency of the GPU, based on the predetermined
memory/compute ratio for the program comprises
adjusting the frequency of the GPU, based on the
identified GPU frequency.

17. An apparatus according to claim 15, wherein:

65  the data in the machine accessible medium comprises a
runtime manager to manage execution of the program;
and
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the operation of automatically retrieving the memory/
compute ratio for the program is performed by the
runtime manager.

18. An apparatus according to claim 15, wherein:

the data in the machine accessible medium comprises a

runtime manager to manage execution of the program;
and

the operation of automatically adjusting the frequency of

the GPU is performed by the runtime manager.

19. An apparatus to support dynamic adjustment of graph-
ics processing unit frequency for execution of a program, the
apparatus comprising:

a non-transitory machine accessible medium; and

data in the machine accessible medium which, when

accessed by a data processing system with a graphics

processing unit (GPU), enables the data processing

system to perform operations comprising:

performing, without execution of the program, a con-
trol flow analysis to estimate the number of compute
operations and the number of memory operations to
be performed by the program during execution;

saving the ratio of the estimate of the number of
memory operations to the estimate of the number of

20

18

compute operations as a predetermined memory/
compute ratio for future execution of the program;

executing the program on the GPU at a frequency based
on the predetermined memory/compute ratio;

obtaining performance data for the program while the
program is executing;

while the program is executing, determining a memory/
compute ratio for the program, based on the perfor-
mance data, wherein the memory/compute ratio
determined during execution of the program repre-
sents a ratio of memory accesses within the program,
relative to compute operations within the program;
and

dynamically adjusting a frequency of the GPU, while
the program is executing, based on the memory/
compute ratio determined during execution of the
program.

20. An apparatus according to claim 19, wherein the
operation of obtaining performance data for the program
while the program is executing comprises obtaining the
performance data from a software-based profiler.
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